Introduction
Recently, broadband-access network has spread out rapidly, and Fiber-To-The-Home (FTTH) has showed a stable growth. Nevertheless, for the prevalence of additional FTTH, the so-called 'last one mile problem', which entails a huge cost for constructing optical fiber networks to end-users, has to be solved. To this end, it is necessary to improve economical efficiency of the products for network access and simplify the installation of the network. For the reasons mentioned above, special performance of optical fibers for drop-and indoor-cables in FTTH, such as a low bending loss for small bending diameter and easy storage of surplus fibers, is required 1) . Increasing the effective refractive index of a propagating mode or squeezing the electromagnetic field of the mode is effective in reducing bending loss in fibers. For example, FutureGuide ® -SR15 which has a core with high refractive index has a permissible bending radius of 15 mm, half of that of a conventional single-mode fiber (C-SMF). Furthermore, an optical fiber using a trench index profile is bendinginsensitive to a bending radius of 7.5 mm and shows low splicing loss to C-SMF 2) . However, if the bending insensitivity of a fiber with a conventional index profile is required for an extremely small bending radius, e.g. 5 mm, the mode field diameter (MFD) of the fiber is inevitably reduced and high splicing loss to C-SMF is induced.
We have applied holey fibers 3) to solve this problem. A hole-assisted holey fiber (HA-HF) has a conventional raised-index core surrounded by air holes and hence possesses the properties of both conventional fibers and holey fibers such as low transmission loss and large anomalous dispersion 4) . Since the air holes make a large refractive index difference between core and cladding, an HA-HF can also have very low bending loss without reducing its MFD so much.
For the structure of HA-HFs, one layer 5) and two layers 6) of air holes have been already proposed. HAHFs with one layer of air holes have a simple structure, but the problem with them is that suppressing bending loss also strengthens the confinement of higher-order modes and results in long cut-off wavelengths of the higher-order modes. HA-HFs with two layers can solve the problem but they have complicated structures.
In this paper, we will propose a novel type of HA-HF, which has two layers of air holes with only three holes for each layer. The size of the holes in different layers is allowed to be different so that low bending loss and short cut-off wavelength of a higher-order mode can be obtained simultaneously. A step-index core similar to C-SMFs is used so that the HA-HFs can be spliced to C-SMFs with low loss. One of the fibers we have made in trial has single-mode operation from 1.28 µm and has a bending loss of 0.012 dB/turn for a bending diameter of 5 mm. Furthermore, average splicing losses of 0.05 dB between the HA-HF and C-SMF and 0.08 dB between the HA-HFs by fusion splicing have been obtained.
Fiber Design
The raised-index core of the HA-HF is surrounded by two layers of air holes running along the fiber axis, as shown in Fig.1 , where D is the diameter of the core, d1 and d2 are the diameters of the holes, Λ1 and Λ2 are the distances from the center of the core to the center of the inner and outer holes, respectively 7) . Small holes are used for the inner layer so that the holes can approach the core without too much of occupation in the cladding. The approach of the air holes to the core decreases the effective refractive index of propagating modes and hence lowers the cut-off wavelength of higher-order mode. On the other hand, large holes are used for the outer layer to enhance the confinement of the fundamental mode and improve bending loss property. Although this enhancement will inevitably influence higher-order modes too, we get more selection flexibility for tradeoffs between the bending loss and the cut-off wavelength.
Holey Fibers for Low Bending Loss
The diameter D and the index difference ∆ of the core of the HA-HF is almost the same with C-SMF. Air holes near splicing point of the HA-HF are collapsed during fusion splicing. Also, in mechanical splice, air holes near the same position of the HA-HF are filled with matching oil. In both the cases, MFD of the HA-HF near the splicing point will be almost the same as that of C-SMF and low splicing losses are possible.
We analyzed the HA-HF by using the boundary element method 8) . Figure 2 shows the wavelength dependences of the effective indices of the fundamental mode and the higher-order mode, and of the index of pure silica for an HA-HF which has a raised-index core of D = 8.5 µm, ∆ = 0.34 % and air holes of d1 = 5.1 µm, d2 = 8.5 µm, Λ1 = 8.5 µm, Λ2 = 11.0 µm. As shown in Fig. 2 , the cut-off wavelength of the fiber is 1.13 µm provided that the refractive index of the cladding of the fiber is at the same level with that of pure silica. It turns out that the effective index of the higher-order mode is substantially reduced by the existence of the air holes, and the cut-off wavelength is shifted to a shorter wavelength, considering that the cut-off wavelength of the C-SMF with the same core profile but without air holes is 1.29 µm. Figures 3 and 4 show the power distribution of the fundamental and higherorder modes of the fiber at 1.1 µm, respectively, where the contours are spaced by 5 dB. Difference between the two distributions is clear from the figures. Figure 5 shows group velocity dispersion dependence on wavelength for the HA-HF.
Optical Characteristics
HA-HFs based on the design described in the previous section were fabricated. Tensile strain in a fiber surface, which is related to the time-to-failure of the fiber, is proportional to the bending diameter and inversely proportional to the fiber diameter. Since one of the targets on bending diameter for the HA-HF is 5 mm, HA-HF with a diameter of 80 µm was also fabricated in terms of mechanical reliability. Figure 6 shows the pictures of the cross-section of fabricated HA-HFs. The dimensions of the fibers are similar to those in Fig. 2 . The characteristics of the fibers are summarized in Table 1 . The fiber with a cladding diameter of 125 µm has single-mode operation from 1.28 µm and has a bending loss of 0.012 dB/turn for a bending radius of 5 mm. Figure 7 compares the bending loss at 1.55 µm for the HA-HF and a C-SMF with an MFD of 10 µm, and the figure shows that the bending loss of the HA-HF is much lower than that of the C-SMF, especially for small bending diameters. Furthermore, 80-µm HA-HF has almost the same optical characteristics as that of the 125-µm HA-HF. The failure probability of the 125-µm HA-HF after 10-year operation is 5 × 10 −2 provided that the screening level is 2%, the bending diameter is 5 mm, and the winding number is 10 turns. In contrast, the failure probability of the 80-µm HA-HF is only 5 × 10 −6 under the same condition as that of the 125-µm HA-HF. A significant improvement in reliability is expected for 80-µm HA-HFs.
Splicing Loss
Even though the MFD of the HA-HF is smaller than that of the C-SMF, loss of the splicing between the two fibers can be very low. Figure 8 shows the histogram of the splicing loss for HA-HF and C-SMF by fusion splicing, where an average loss is 0.05 dB. The reason for this low loss is that the cross-section of the HA-HF at its end after arc fusion just fits that of the C-SMF and using the arc-sweeping function installed in Fujikura fusion splicer FSM-40 series can easily form a tapered section in the HA-HF. A sideview image of the splicing is shown in Fig. 9 and a tapered section can be recognized there. It should be noted that the splicing was performed with sufficient arc power to realize the tensile strength of the spliced portion as high as that of conventional splicing between C-SMFs.
Low splicing loss between the HA-HFs is also possible. Although it is possible to obtain sufficiently low splicing loss by using normal arc-fusion splicing method, lower splicing loss can be obtained using the arc-sweeping function installed in the splicer and forming a tapered shape near the splicing point of two 
Reliability
It is necessary to confirm reliability under several conditions toward the practical use of HA-HFs. Figure  13 shows loss variation during heat-circle test from −40 °C to +85 °C. A HA-HF with a length of 1 km was used for the test. As shown in Fig. 13 , the loss variations at 1.30 µm and 1.55 µm were less than 0.03 dB/km. Furthermore, loss variations at 1.30 µm and 1.55 µm at a temperature of +85 °C and a humidity of 85%RH in 1,000 h were less than 0.02 dB/km and 0.01 dB/km, respectively. In addition, an HA-HF with its end face opened to the air was tested under high-temperature and high humidity conditions; significant loss drifts were not observed after 24 h. Figure 14 shows the Weibull plot of tensile strength of a 125-µm HA-HF. Fifty samples of 10 m were tested at a strain speed of 5%. The average failure stress for the test was 4.98 GPa (F50). A dynamic fatigue coefficient n measured with two-point bending method 9) was 21.2. In a micro-bending test where a 125-µm HA-HF is wrapped on #360 sandpaper by 100 g wrapping stress, the loss variation between before and after the winding was only 0.003 dB/km at 1.55 µm. This result is fairly good if compared with CSMFs. As a result, it was confirmed that the environmental performances of the HA-HFs were on the same levels as those of the C-SMFs.
Conclusion
We have proposed and fabricated a novel type of HA-HF, which has single-mode operation and shows low bending loss for an extremely small bending diameter. The fiber can be fusion-spliced to C-SMF with very low loss. The fiber has shown the same performances as that of C-SMF in strength and environmental tests. In conclusion, the fiber is suitable for indoor-cable in the FTTH system and for interconnection of optical devices. 
